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NOMENCLATURE

£
I

inherently compensated orifice coefficient of discharge

@
1]

5 reference clearance (concentric clearance)

o
I

(=]

orifice diameter

= shaft displacement from concentric position

-
I

viscous friction force

FF = dimensionless viscous friction force = F/(p,C,R)
= turbulent modifier of power loss

¢ = universal gas constant

turbulent modifier in direction of rotation

>

= turbulent modifier in direction normal to rotation

= local film thickness

N

T Q@
I

= dimensionless film thickness = h/C,

It

bearing length
= dimensionless length = /R

. critical mass

o Zr‘
]

= pressure

reference pressure

o]
o
Il

= dimensionless pressure = p/p,
cr = critical pressure ratio
orifice downstream pressure

= supply pressure upstream of orifice

%)
|

..D”U;U"U"U
]

= mass flow

orifice hole radius

-t
]

R = journal radius

R, = Couette Reynolds number

R.* = modified Poiseuille Reynolds number
t = time

t, = reference time = 12uR?
P.Co’
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T = dimensionless time = t/t,

T, = absolute temperature

T, = viscous friction torque

TF = dimensionless viscous friction torque = T, /(p,C,R?)

U = journal surface velocity

z = axial direction coordinate

Z = dimensionless axial coordinate = z/R

o = misalignment angle about x-x axis

B = misalignment angle about y-y axis

Y = ratio of specific heats

€ = eccentricity ratio = e¢/C,

® = angular direction (direction of sliding)

8, = angular extent of pad

A = compressibility parameter = 6u®R>
pCo’

u = absolute viscosity

® = rotating speed
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1.0 INTRODUCTION

GCYLT ("gas lubricated cylindrical turbulent") is used for analyzing seals that can be defined
in a cylindrical coordinate reference frame. This turbulent version supplants a previous laminar
version, GCYL. The laminar results are identical to the previous code, but GCYLT includes
Couette and Poiseuille turbulence when Reynolds numbers dictate the presence of turbulence.
Figure 1-1 shows solid ring configurations and Figure 1-2 shows typical sectored ring

configurations that the program analyzes. Program capabilities include the following:

Varying geometries, as indicated on Figures 1-1 and 1-2

Variable or constant grid representation. Maximum grid size is 30 grid points in the
axial direction and 74 grid points in the circumferential direction. Figure 1-3 shows
a typical grid network. The circumferential parameter is , and the axial parameter
is Z. The grid points are identified in the axial direction as I and in the
circumferential direction as J. The extent of I is 1—M, and the extent of J is 1—N.
Specified boundary pressures or periodic boundary conditions in the circumferential
direction

Axial symmetry option

Four degrees of freedom, x and y translations of rotor origin and angular
displacements about the x and y axes through the rotor origin

Determining load as a function of shaft position or determining shaft position to
satisfy a given load

External Pressurization (hydrostatic) of inherently compensated orifices, spot recesses
or full recesses

Choice of English or SI units.

The output of the program includes:

The program was written for a PC environment using OS/2 as an operating system. The

Clearance distribution

Pressure distribution

Leakage along specified flow paths

Load and load angle

Righting moments

Viscous dissipation

Cross-coupled, frequency-dependent, stiffness and damping coefficients
Plotting routines for the pressure and clearance distribution

Critical mass and frequency.

relatively large dimensions used would exceed the memory limitations of a DOS environment.

The FORTRAN code, however, would be amenable to other systems that use FORTRAN 77, as

long as memory is sufficient.

NASA/CR—2003-212362 1
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Figure 1-3. Unwrapped Seal Surface
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2.0 THEORETICAL DESCRIPTION AND NUMERICAL
METHODS

2.1 General Theory

Reynolds equation for turbulent compressible flow for journal bearings is as follows:

1 2 »Y . 9 P . Aph d(ph) ]
— —pp36. X+ 2 bn3c 2Pl =¢ 12 2-1)
T ae(” *ae]+az[” ‘az] e T

The equation is made dimensionless with the following definitions. (Upper case variables are
dimensionless).

Z=uR, H =hiC,, T =tht,, P =plp,,

2 2
A _ 6;10)R2 Jt, = 12"R2 » G, and G, = turbulence modifiers
p,C p,C

o0 o ~o0

Substituting the dimensionless variables into the turbulent Reynolds equation produces a
dimensionless equation.

9 [pr36 ) + 2 [pgsg OP) - A OPH) , 3(PH) 22
¥ 00 YA oz 00 oT

For steady-state solutions, the time-dependent term on the right-hand side is eliminated except
for the computation of spring and damping coefficients.

In the solution methods subsequently described, the Reynolds equation is not applied directly.
The Reynolds equation represents the divergence of the mass flow at any grid point. The more
convenient cell method is to conduct a mass balance directly, and not the divergence of the mass
flow at each point.

2.2 Formation of Equations for Determining Pressure Distribution

Solving for the pressure distribution is accomplished by a method " that uses a flow balance
through a cell volume. The perimeter of the cell extends halfway between the grid point and its
four neighboring points. A typical cell is shown by the dashed lines on Figure 2-1. The
principal grid point is at Row i (length direction) and Column j (circumferential direction). For
convenience of programming, the grid points are numbered for each cell sequentially from 1 to

9, with grid point 5 being the principal point. The corners of the cell boundaries are also
numbered from 1 to 4.

"Numbers in brackets indicate references located in Section 9.0.

NASA/CR—2003-212362 5



Figure 2-2 shows the flow balance through the cell. There are eight flows across the cell
boundaries, and there can also be a source (or sink) flow into or out of the cell control volume.
The reason eight flows are used in lieu of four is that it permits discontinuous clearance

boundaries at grid lines (such as Rayleigh steps) without taking derivatives across a discontinuous
boundary.

The net flow through a cell can be expressed as:

. AZ, - AZ,, . Aej _ Aej_1
Q12—2—+Q12 2 +Q14T+Q14 2
2-3)
. AZ, - AZ . A9j _ AQH
'QuT "Q34——2—— “Q23-2— =0 2 =Q,-,.

Q,; means the mass flow per unit length across the plus side of cell boundary 1-2, etc.

The Q's are dimensionless mass flows per unit length, except for Q,, which is a dimensionless

source inlet flow. (Primed values of P are absolute pressures; unprimed values are gage
pressures).

In the 0 direction:

oP AZ

0 =u 506, AP @-4)
In the length or Z direction:
0 -1 % 6 2 @9
where Q is defined as
o - 2011 @6)
p.C,

An optional flow can enter the cell from an external source, which can be treated as an inherently
compensated orifice, or a conventional orifice restriction. Inherent compensation presumes the
orifice area is the surface area of a cylinder circumvented by the hole size and length equal to
the clearance under the inlet hole. The conventional orifice area is the area of the hole. The
conventional orifice generally discharges into a recess that allows the flow velocity to dissipate
into a region of constant pressure. Two types of recesses are permitted; a spot recess, which is
treated as a source at one grid point, or a recess of finite length in the axial and circumferential
directions, which is fed by an inlet orifice.

NASA/CR—2003-212362 6



1]+, -1 21 i1, 3y it1, j+1

Az . S S
O O e
4 1i,j—1 I 51 i,j | gl I it1
T I ]
I |
Az, 3!..._._._..-_.__.'__]2
l 7| i-1, -1 8| i~1,j 9| i=1,j+1

<——A91_1 —t—— -L6| —

94TM10

Figure 2-1. Flow-Balance Cell and Associated Grid Network

-—
(8]

Q‘ +
23 &z 94TM10

Figure 2-2. Flow-Balance Across Cell

NASA/CR—2003-212362 7



Pressures are taken as the average pressure across the boundary. For example:

P, = __P"" *Pij 27
2
and
E I12 = —'—Pi‘m _ Pij (2-8)
09 AG}.
etc.

The turbulent G factors are dependent upon the Couette and Poiseuille Reynolds numbers which
are at each grid point'?,

The Couette Reynolds number is

CR
Re =— % pg 29

MG,T,

where the subscript ¢ refers to the cell comer point (e.g., for Q,3, P, = P,). The Poiseuille
Reynolds number is defined as:

R =R,|VPIHP,

Cp.)
WRGT, 2-10)

wr-Jy )]

The value of P, is the average of the four surrounding grid points, i.e.,

-
where R,, =

P+ Pyt P+ P

P = iy i iy+l

¢ 4

The variation of the G factors with Reynolds numbers are shown on Figures 2-3 and 2-4. Once

the Reynolds numbers have been computed at the cell comer points, the appropriate G
coefficients are obtained from curve fitting routines.

NASA/CR—2003-212362 8
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The final values utilized are:

G, = Min[G,R), G,®)| @-11)

G, = Min[G,R), G,®,)] @-12)

where G, (R,) and G, (R,) are Couette, and G, are Poiseuille factors. This procedure selects the
dominant turbulence factor for each of the eight cell flows.

By substituting the pressures and pressure derivatives (Equations 2-7 and 2-8) into the mass flow
balance equations (2-3 and 2-4), an equation is derived that is a function of the nine pressures, P |
through P, and the clearances taken at the cell comer points, H ; - H,. Each cell comer point film
thickness is computed in the clearance routine by appropriate values of Z and 8 and is designated
as HC;, i=1, 4. For example, HC, is the clearance at the cell comer point 1.

An optional flow can enter the cell from an external source, which is treated as an inherently
compensated orifice or the usual hole size orifice restriction. Point sources pose numerical

instability problems, which are circumvented by applying fine grids surrounding the source
points. Flow through the orifice is given as:

12

(P B ]
Q.. =OFCxAOxPg _"_ 1- ‘R Y (2-13)
Py P

where

_ 12uC, | G T, (2-14)
pC; N 71

OFC

A, = ndoH,C, for Inherent Compensation

2 2-15
mio Jor Orifice Compensation @-15)

(spot recess or full recess)

NASA/CR—2003-212362 11



If

P p

[ i ]s P, then [ X ] =P, (2-16)
S PS
where P, = [ﬂ (_Y_] @-17)

(y+D J\y-1
P P ..
Also, if £ > 1.0, 2 = _ 1, and P, = P, (2-18)

PS PS PR/PS

This condition implies backflow through the orifice.
The primed values indicate absolute pressure (i.e., Py = Py+1).
Thus, a system of numerical equations can be derived as a function of nine pressures. There is

an equation for every grid point.

f@®,P, .. P)ij=0 (2-19)

The system is nonlinear since it is dependent upon multiples of P and its derivatives.

The solution process starts by assuming a pressure distribution, and using Newton-Raphson

iteration until the functions f converge to zero within a prespecified truncation error. In equation
form, the iteration process is:

(old)

9
(old) fi (new) _p (old)) _ 2-20
£ +EH aa_PK (P -p®)=0 (2-20)

where the partial derivatives are explicitly determined, e.g.,

¥,
P

K

f®P, . Py o P,

974y
€

=f(PyPy e Py, py e P -

K +ei2 iy

(2-21)

The actual convergence is not on f, but on P, ™" - P,  for when the difference vanishes, the
condition that f = 0 is satisfied.

The subroutine, QSUM, computes the mass flow residues at each cell from Equation 2-3. The
subroutine, PD, computes the partial derivatives of the flow residue. It calls on QSUM with
pressures sequentially incremented to establish partial derivatives.

NASA/CR—2003-212362 12



2.3 The Column Method Solution of Newton-Raphson Equations

The column method" is used to solve the new pressures in the set of M x N equations defined
by Equation 2-20. The advantage of the column matrix method is that its inversions are M x M
rather than M x N so that its use saves computational time.

The linearized N-R equations may be written in the form:

C,P.+E P, +D P, =R (2-22)
J J J J

Jj N j

For each value of j, P; is a vector containing the jth column of new pressures, R ; is the right-hand
side column vector and C;, E; and D; are in general tri-diagonal matrices.

Case 1 - Pressure Prescribed at Start and End of Pads

Equations of form 2-22 are written at all points in the grid comresponding toi= 1, 2, >M and j = 2,
3, »N-1 with boundary column vectors P, and P prescribed. Look for a solution in the form:

P, =A P +B (2-23)

Where A; is an M x M matrix and B; is a vector. Use Equation 2-23 to eliminate P 1 appearing
in Equation 2-22.

(C, +E;A) P, +E; B, +D, P, =R, 2-24)

Solve Equation 2-24 for P; to obtain:

P, =D, P +L(R, -E,B) (2-25)

J F A B i}

Where I; = (C; + E; A)" (M x M matrix)
Set j = j+1 in Equation 2-23 to obtain

P =A, P, +B (2-26)

Jj+l j+ j

Compare coefficients in Equations 2-25 and 2-26.

A, =P ,B

Pac! Jji fac

=1, R,-E, B) (2-27)

Set A,=0,B,=P,.
Use Equation 2-27 to compute A,, A,, --, Ay and B;, B, -- By.

Since Py is given and all A; and B; are computed, we may use Equation 2-23 to compute P
PN-2’ PN-S’ T PZ'

N-1»

NASA/CR—2003-212362 13



Review of General Procedure for Nonperiodic Boundaries
1) SetA, =0

B,=P,
2) Compute A;,,, B;,,

Ay =1, D,

B, =1L;(R;- E; B)

Jj— 2, N-1

where I, = (C; + E; A)"

3) Compute P;

P,,=A; P, + B,

j—N, 2

Case 2 - Column Method for Periodic Boundaries

P;, B;, R;, Z; are vectors. N=N -1

For periodic boundaries, the condition is that P, = Py. At the boundary, j = 1, the general
equation is:

C,P, +E P, +D P, =R, (2-28)
At column N, the equation becomes
Cyi Py +Ey, P,,, +D, P, =R,, 2-29)

T NI1

To satisfy the boundary conditions, a solution is assumed of the form:

P, =A,P, +B +F, P, (2-30)
A, =0,B, =0, F, =8 (Kronecker delta matrix) - @3

Returning to the general equation:
C, P, +E P, +D P, =R (2-32)
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Substituting for P; ; from Equation 2-30, the following results:

(C,+E;A) P, +E B, +E,F, P, +D, P, R (2-33)
= -1
I =(C,+EA) (2-34)
Then,
P, =D P, +I, R, -E B) -LEF,P,, (2-35)
From Equation 2-30:
Pj =‘4j+l I)jol + Bjol + Fjol PN’ (2-36)

Comparing Equations 2-35 and 2-36:

Ay =-,D B, =R, £ B),F, =-EF,j,2, — N-1 237

J i M i

For Py = P,, we obtain from Equation 2-30:

PN’ =AN"1 Pl "BN'ol + FN'«I PN' (2-38)
After rearranging:
Py =@ -Fy)" Ay, P, + By (2-39)
or
Py, =Y, P +Z, (2-40)
where
Yoo =@ -Fy)" Ay Zyy =@ -F,. )" By, (2-41)
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Substituting Equation 2-40 into 2-30 we obtain:

PN’—l =AN' (YNI Pl + ZNI) + BNI + FN’ (YN’ Pl + ZN’)
=@, Yy, +F, Y, )P, +A,Z, +B,, +F, Z, (242)

=Y, P +Z,,

N1 71

where
Yga =8y Yo *Fy Yy s Zyy =Ay Zy, + By, +Fy, Z,, 243)
Similarly,
Py, =Ayigy (YN’-I P+ ZN'-l) +By, +Fy, (YN’ P+ ZN’) (244)
= (AN’—l YN’—I * FN’—I YN’) Pl +14N'—1 ZN’-l + BN’-I + FN’-l ZN'
=Y, P +Z,, (245)
Yio =4; Y + F; Yy,
(2-46)
Z.,=A,Z +B +F, Z,
Therefore, in general:
P,=Y_ P +Z orP =Y,P +Z (247)
P,=0@ -Y)'Z (248)

Review of General Procedure for Joined or Periodic Boundaries

F.

j+1

1) Compute A;,,, B;,},
A =1 D;
Bu = 1 (R E B)
j=1, N-I
Fu =5 F,
A =0
I,=(C + E;A)’
B, =0
F, =3
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2) Compute Yy, Zy,

Yy = (8-F,)'Ay

Zy = (8-Fy)'By
3) Compute

Va=AY+ Y,
j=N->2
Z,=AZ+B +FZ,
4) Compute P, = (8-Y,)" Z,
5) Compute {’j =Y, P, +Z

j=2-N

The coefficient matrices C;, E; and D;, and the right-hand side vector R, are easily formulated.

C; contains all the coefficients multiplied by P;. By examining Equation 2-20, it is seen that for
any row i and column j that values of C are:

of,
Ci,i—l,i = jﬁz
C.. = _af_s (2-49)
LY aPS
M) &
Similarly, the coefficient matrix E; contains the elements:
)
E...=_{5.,E..d,=%, --_1~=% (2-50)
Weooop, MW 9P YW oP,
and
- p X p ¥ @s1)
Wi QP T T Pt T T gp
R; contains all elements not multiplied by the pressure
S of,
R = _ﬁ;"“’ + 2 _i P,?’”’ (2-52)

k=1 aPK

Separate subroutines are used depending upon the pressure boundary conditions. The subroutine
COLP implements the column method for prescribed boundary conditions while COLJ does it
for periodic or joined boundaries. The subroutine COEFC forms the C matrix coefficients while
COEEFF forms the coefficient matrices and right-hand side vectors D, E, R, respectively.
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2.4 Film Thickness Distribution (see Figure 2-5) Eccentricity
and Misalignment

In vector format, the clearance due to eccentricity and misalignment at any angle 0 and at
distance z from the mid-plane is:

h = (e, - e - c’f ~aixzk-px z’i) £, (2-53)

h =C, -ecosd —esin® + oz’ sind - Bz’cosd
(2-54)
=C, - (e, +PBz’) cosd - (e, —0z’) sind

Using dimensionless variables, Equation (2-54) becomes:

H=1_[EX+B<Z_-LQ&]C(,59

Cﬂ
(2-55)
- [3, - QM] sinf
CO
which is set equal to
H =1-(g, +¢,) cosd - (g, +¢,) sind (2-56)
where
e —p Z-L2R
C
° (2-57)
¢ —o Z-LDR
b C

Preloaded Bearings

Preloaded bearings (see Figure 2-6) can be modeled by adding an additional eccentricity in the
x and y directions.

Epr = Epp cos6,

(2-58)
€r = €, smep
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Thetas

PVT =96,

Thetap = 6
F e Dia/2 0, w

/Ay
N

861601

Keyword Variable Description
START THETAS Pad Start Angle
PADANGLE THETAP Pad Angle
PIVOT PVT Pivot Angle
PRELOAD EPR Offset/Clearance

Figure 2-6. Preloaded Bearing
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where
€pgr = X eccentricity due to preload
€py =y eccentricity due to preload

8, = preload angle.

Rayleigh Step
The grid network for the Rayleigh step is

shown on Figure 2-7. The boundaries of the step are

defined by the lower left and upper right comers of the depressed region. Interior grid points
include the step height in the clearance distribution.

Axial Taper

An axial taper is indicated as Figure 2-8.

H=H +3Z-Z)

2.5 Power Loss (Torque)

IfZ >7Z, then

(2-59)

Power loss is obtained by integrating the viscous shear forces across the film. From Figure 2-9,

a force balance on an element produces:

but

Therefore,

L A 2-60)
ox oz
—ld @2-61)
0z
9 _ u 0U’ (2-62)
ox Gt azz

where G, is the turbulence shear modifier. See Figure 2-3.
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Figure 2-8. Axial Taper
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Integrating,

The boundary conditions are:

Substituting:

NASA/CR—2003-212362

r+9r/oz

-
p —— l——p + 2p/OX

94TM10

Figure 2-9. Viscous Power Loss

G
ﬂ:._talz +C1
oz poox

G 2
'ali +C17- +C2
p ox

N~

U=0 z=0.C,=0

2

U=U whenz =h

S Ry,

U —_— =
p ox 2 !

24

(2-63)

2-64)

(2-65)

(2-66)



Therefore,

c.U_G¥h
h p ox 2
and
2
E_alz izw-i-__z
p ox |2 2

Ff = friction force = IITdA

H[:;:)’zl "] R‘”]Rdedz

H ""H_ z"_;—z]deedZ

|| SR

FF=_UpCHaP A CPp 1 gouz
o0 G 6 H

FF = H[H oF ]dBdZ

2 90 G6H
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F = [f [H ok, ] d0dZ @-14)
2 89 G6H

G, the turbulence modifier for friction, is the minimum of the Couette and Poiseuille values. The

Couette and Poiseuille Reynolds numbers are computed as before (see Section 2-2). For the

Couette number, G, as shown on Figure 2-3, is obtained. For the Poiseuille flow, Gp, as shown
on Figure 2-4, is obtained. The value of G is the minimum of G ; and G,,.

2.6 Computation of Bearing Flows

The program computes the flow across specified axial and circumferential grid lines. A total of
four grid lines can be prespecified. The subroutine FLOCIR determines flow across a
circumferential line and the subroutine FLOAXL computes the flow across an axial grid line.

Circumferential Flow Line (see Figure 2-10)

There are three types of points to consider. A point on a grid boundary J =1 or J = N, and an
interior point. Also, a flow line on I = M requires special consideration. For each point, a flow
balance is accomplished through the cell surrounding the point as depicted on Figure 2-10.
Consider an interior grid point on an interior grid line (I # M).

O, U, D) =044 + O + 0y ~ O (2-75)
where
Q 012 = [_ [H13 Gxg—le)]l P12 + A Hl Plz] DZ./Z (2-76)
2
ap | -P ) /A8 X))
ae 12 .,,fl iy j
Plz = (Pl q'l )/2 0 (2-78)

The remaining flow components are similarly computed and Q . (I, J) determined.

AtJ =1, dP/06 | ,, is computed by forward difference and is equal to dP/08 | ,.
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The pressure P+ = P,+.

The clearance H, is not a regular grid point clearance and thus is not included in the grid

clearance array. H, is computed as the average of H;; and H,,;;.

The grid line mass flows are accumulated to obtain the total flow across the grid line.

Similar procedures are used for computing flows across axial lines (see Figure 2-11).

2.7 Frequency-Dependent Spring and Damping Coefficients

Discretization has been carried out with the use of the cell method M, which involves a flow
balance about each grid point.

Y S
J’V~QdA - fQ.nd - —=-fa+p) Haa 2-79)

where Q = the mass flow vector per unit length.

The equality of the first two terms comes from the divergence theorem.

In numerical format, the right-hand side becomes:

—%[(1 +P) HA, (2-80)

where,

1
A; = 7(86,+80,) (AZ,+4Z, ) (2-81)

Generally, a small perturbation analysis is used for determining frequency-dependent spring and
damping coefficients and solving the complete equation (2-79). A small perturbation analysis,
however, is generally limited to concentric operation and produces complex expressions for the
perturbation coefficients. Identical results can be achieved by direct numerical perturbation of the
difference equations used in the column matrix solution approach. This method, which is described
below, avoids algebraic error in determining the perturbation coefficients and may be used in complex
situations where analytical determination of the perturbation coefficients is not feasible.
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Figure 2-10. Flow Across Circumferential Line
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Figure 2-11. Flow Across Axial Line
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After desired convergence of the Newton-Raphson process has been achieved under steady
(unperturbed) conditions, the resulting steady-state pressure vectors are denoted as { P} and the
coefficient matrices as [€'], etc. and, as before, the steady state becomes:

[C1E) + 8.} + DB} - R) @)

The eccentricity components can be perturbed individually by an amount, 1), and the matrix [ ¢J]
recalculated at the new film thickness (but old pressure distribution, P); then subtract [¢i] at the
old film thickness and divide the difference by 1 to numerically obtain the partial derivative of
[¢] with respect to the eccentricity perturbation. This partial derivative will be denoted by [ ¢¥],

Thus,

6% - (o | I (o [ (2-83)
"

The matrices [£*], [B*] and [Ri*} are obtained in a similar manner. Equation (2-78) may now
formally be differentiated with respect to €, to obtain the expression:

[P/ BN P} D HP 7} = #4-Ie* (e} - (B8, .} -[D™1{8...) @59
where {Pj'k} = 9{P,}/0g, is the zero-frequency stiffness pressure. This expression does not yet
contain the time-dependent terms found on the right-hand side of Equation (2-75). It is assumed

that a sinusoidal disturbance is applied to the shaft, such that the clearance and pressure
derivatives are affected as follows:

H = 'y ﬁf - P;k‘m' (2-85)

To complete the process, the right-hand side of Equation (2-75) is differentiated with respect to
€, and the results added to the right-hand side of Equation (2-80) with d/dt replaced by ic. The
terms to be added to the right-hand side of Equation (2-80) in this manner are -ic [C ’](P *)-
io{R*} where [CI] are diagonal matrices whose components are

Cl =B, @46
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Because a cell can have clearance discontinuities, such as a step, it is advantageous to partition
the cell into four components as indicated on Figure 2-2, and then sum the components to obtain
[¢]. Thus, Equation (2-82) becomes:

é.: =HCA, +HCA, +HCA, + HCA, (2-87)

where HC, is the clearance at the comer point 1 of the cell and

AB)(AZ,
A, - ( ,)4( D
(2-88)
AB)(AZ.
A2 = (_'l)(_'_l) ; elc
4
and {R¥*} are column vectors whose components are
_. oH
RI* =A,—% @1+P,) (2-89)
J) aek y

By combining terms, the final set of linear difference equations for the complex stiffness pressure
derivatives (P) are obtained

B} NBA} DB} - - e B} B8, ) -0} @90)
where,
(O =16 + 1lE 5 {84 - (84} f) @

The system of equations given by Equation (2-86) is solved by the column method in a directly
analogous manner to that used in solving the steady-state equation. The principal difference is
that all the matrix operations are performed using complex arithmetic. Integration of the real part

of the pressure derivatives yields the stiffness; and the complex parts, when integrated and
divided by o, yield damping.

2.8 Critical Mass and Frequency
A critical mass routine was also added to the turbulent version of GCYLT.

For incompressible theory, a closed-form solution exists for the condition of neutral stability for
a two-degree-of-freedom, point mass supported by cross-coupled springs and dampers /. The so-
called critical mass and frequency are obtained, which provides a measure of the stability margin.
If the mass attributable to a seal or bearing exceeds the critical mass, then an instability may
occur at the orbital frequency calculated. A similar analysis, including the effects of
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compressibility, is complicated by the frequency dependence of the coefficients. A solution exists
when the computed frequency of the point mass is equal to the excitation frequency used to
compute the stiffness and damping coefficients. The critical mass and the orbital frequency are
given by the following equations:

M -__ BED 292)
¢ E’+AED+CD?

o = —~(AED +E*+CD?)

¢ ED*?

where A=K _+K , B=D D _-D D 2-93)
C=K_K -K_K. ; D=D_+D,

x Ty Txy yX’

E=D_K_+D_K_-D_K -D K_

A Newton-Raphson algorithm was utilized. For convergence, the frequency assumed in
computing stiffness and damping, ®,, should equal the frequency computed by the critical mass
equations, ®.. Initially there will be an error, 0.

0 -0 =8 (299)

To compute the incremental change in ®,, the following equations apply:

gou + 90 Aw, =0 (2-95)
0w,
but from Equation (2-94)
28 -1 - -1 _i i a(l)t aK..j . a(!)‘_ aD'.j (2-96)
o, T 57 |JK; oo, 9D, Jw,

The partial derivatives, do, and dw_, can be computed directly from Equation (2-99).

0w;; 0w
The derivatives dK;; and 9dD;; are explicitly determined by computing the gas seal stiffnesses at
0w, 0w,

two incremental frequencies and computing AK ;; and AD;;, respectively;

—U

Aw, Aw,
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and from Equation (2-95)

_60!4
Aw = ._ai @97)
¢ oo,

The new value of ®, for the next iteration is obtained from:

o =) + Ao, (2-98)

At times, the computed frequency, ®,, was insensitive to variations in the assumed frequency,
®,. In such cases, successive substitution was found to converge very rapidly.

The critical mass as defined above applies to a two-degree-of-freedom system. It does not
include cross-coupling moments. Thus, it would not have application to seals with pressure
gradients where moment cross-coupling may be significant.

2.9 Program Organization

In this section a description of the manner in which the program is organized is presented. The
principal subroutines are identified by name and function, and flow charts are used liberally.
Program listings are supplied under separate cover.

The main program, GCYL, is a short routine whose function is to call subroutines that set up the
code for computation (see Figure 2-12).

GCYL MAIN

GCYL [ |GCOPEN [ |GCINPO | |GCINP1 [_| RDLINE

‘__—"—L

e
DYFILE || XTYPEI GCOUTI

COMPUTE

94TM10

Figure 2-12. Main Program Flow Chart
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The first call is to subroutine GCOPEN where various disk files are designated. Seven sequential
files are established and their functions are as described in Table 2-1.

Table 2-1. Disk File Functions

Disk File | PC Extension Description
1 HPF | Saves the pressure and clearance distribution for subsequent plotting.
2 HP Saves the pressure and clearance distribution for initialization of subsequent

problems using the FILE option.

3 DGS A file used for diagnostic purposes.

4 "CON" Read from or write to screen.

5 GCYL.INP Input file

6 ouT Output file

7 DYC A file that stores data for subsequent dynamic runs by another code.

94TM10 .

The input file must be named "GCYL.INP". All other files use the filename that is defined on
the first line of the input file, as well as the file extension as defined in Table 2-1.

The two input routines are GCINPO and GCINP1. GCINPO merely sets the default values for
all optional variables. GCINP1 reads in all the input and converts dimensional numbers to
dimensionless numbers for program execution. It has been deliberately set up to facilitate
interactive computations on a main frame computer terminal or on an independent PC. It reads
the input a line at a time, calling upon the subroutine RDLINE for every line of input read. Both
routines have been set up with character variables so that input is transmitted by name and not
strictly by numerical format in designated fields. RDLINE reads the first 80 characters on any
line and assigns them to the variable CH80. It then assigns the first character of CH80 to the
variable CH1 and the first six characters to the variable CH6. If the first character is an asterisk
(*), a return to GCINP1 is made; if not, columns 11 through 70 of CH80 are read and assigned
to VAL(I), I = 1,10. A return to GCINP1 is then made, where VAL(]) is assigned to the proper
variable. For example, if CH6 is the variable DIAMET (diameter) then GCINP1 will assign
VAL() to the variable DIA and print out its value. In this manner all input quantities are
assigned and subsequently printed in the output file.

The subroutine GCOUT]1 is an initial output routine that executes after the input has been read
and before computational execution. It first produces a replica of the input file and then
organizes input printout by geometry, film thickness specification, boundary conditions, grid
model, etc. It also accomplishes several computations needed elsewhere in the program, such
as the value of the dimensionless variable lambda, A. The principal computational routine is
XTYPEI, which is subsequently described in greater detail. DYFILE writes output to an external
file for use in dynamic investigations.
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The XTYPEI flow chart is shown on Figure 2-13. XTYPEI offers two options. The first is to
compute performance for a given position of the shaft within the seal; the second will determine
the position of the shaft for a given load and load direction applied to the shaft. For Option 1,

steady-state performance is determined by calling GCOPTA, and for Option 2, GCOPT?2 s called.
Further details of these significant routines are presented below.

— XTYPE1
1
OPTION
(—{ 6COPTA 6COPT2 |—,
STIFFNESS

DAMPING ? _ I

DIM1 GCOUT2

STAMP |, [ | '

94TM10

Figure 2-13. Flow Chart for Beginning Computations

NASA/CR—2003-212362 34



After determining steady-state performance, the option of computing cross-coupled stiffness and
damping is made available. Stiffness and damping are computed via the subroutine STAMP.

DIM1 converts dimensionless output to dimensional numbers and GCOUT?2 is the primary output
file that is called when computations are completed.

GCOPTA is one of the principal interior routines that is used to compute the pressure distribution
and the performance produced by various operations performed on the pressure distribution. The
flow chart for GCOPTA is shown on Figure 2-14. GCOPTA first enters a pad loop, where the
separate pad option of the code can be exercised. The film thickness of the pad is next
determined by the subroutine FILMJ2. This routine will calculate special film thickness
geometries, such as steps and lobes as well as circular clearances. The film thickness is
computed at each grid point as well as at each corner point of the cell (see Figures 2-1 and 2-2).

GCOPTA
!
PAD L0OP | . — SUM
I N Y FX, FY,
FILMJ2
| PAD LOOP TORQ, FLO
| DONE
SETPRS ;
chlme FLoct
I —
BLOAD
| FLOA1
TORQJ ~|  FLOAN GCOPTA

94TM10

Figure 2-14. GCOPTA Flow Chart
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SETPRS is a routine that sets the initial values of pressure at the grid points to the non-
dimensional reference pressure of 1. These basic setup routines develop the information
necessary to proceed to the actual computation of the pressures at the grid points, by calling the
subroutine GCBRG. Further details of this routine will follow. After the pressures have been
computed, performance parameters such as load, viscous torque and flows can be computed.
BLOAD integrates the pressures over the seal area to determine load capacity. TORQJ computes

viscous torques, and FLOC1 and FLOCM determine flows across circumferential lines, while
FLOA1 and FLOAN determine flows across axial lines.

Figure 2-15 is a flow diagram for GCOPT2, which implements Option 2, the option that
determines shaft displacements to satisfy given loads and load direction. Option 2 begins with
initial guesses for the eccentricity ratios, €, and €,.

Newton-Raphson algorithms are used to produce journal displacements to balance the given
loads. The requirements are that:

Fop ~Fy =0 299
Fp-F, =0 (2-100)

where,
Fyx  =required load in X direction
Fyr  =required load in Y direction
Fyc = calculated load in X direction
Fyc = calculated load in Y direction
but,
oF oF
Fyo =Fyy +AFy =Fy , + aXxAX+ aYXAY @101)
oF oF
FYC=FYau+AFY=FYau+aXYAX+ a;AY (2-102)

The partial derivatives are stiffnesses which are obtained by incrementing X and Y displacements.
Equations (2-101) and (2-102) are substituted into Equations (2-100) and (2-101). The system
of equations are solved for AX and AY which provides the new displacements for the next

iteration. The process continues until the calculated load equals the required load within the
convergence criteria.
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The flow chart for this process is shown on Figure 2-15. Initial guesses are made on the
displacements €, and € and GCOPTA is called to determine the loads at the incremented
displacements. Stiffnesses are determined explicitly by subtracting the incremental loads from
the steady-state loads and dividing by the incremented displacement.

GCBRG (Figure 2-16) is the remaining principal routine to discuss. It is the routine that
implements the column matrix method to determine the grid point pressures. It first calls

NRPRC which is the core program for computing the Newton Raphson pressure coefficients.
These are a series of partial derivatives and flow residues for each of the cells where a mass flow

balance takes place. NRPRC calls on the subroutine QSUM which accomplishes the flow
balance. It obtains the partial derivatives by sequentially incrementing the five pressures P ,
through Ps individually and calling on QSUM for each pressure increment. The partial
derivatives are equal to the incremented flow less the nonincremented flow divided by the
pressure increment. These partial derivatives are determined in subroutine PD. Once the flow
residues and partial derivatives of flow residues with respect to pressures are known, sufficient
information is available to solve for the pressures using the column method. GCBRG will call
COLP for known pressure boundary conditions or it will call COLJ for joined or periodic
boundary conditions in the 6 direction. Both COLP and COLJ call upon the subroutines COEFC
and COEFF to form the coefficient matrices [C], [D], [E] and [R], where [C] is formulated in
COEFC and the remainder in COEFF. They also call upon MATINV for the necessary matrix
inversions. Once the coefficient matrices are formulated, pressures are solved for by either COLP
or COLJ. A return is then made to GCBRG where the new pressures are compared against the
previous ones. If convergence is not achieved within the specified tolerance, the old pressures
are replaced by the new ones and the process continues until convergence is achieved or an
iteration limit has been reached.

GCOPT2
: GCOPT2
INITIAL GUESS
EX, EY
| CHECK LOAD
GCOPTA .
I;(:}(I,lEM]ZNT n CONVERGENCE
1 N Y .
GCOPTA RETURN
i INCREMENT Y
GCOPTA
|
COMPUTE NEW DISPLACEMENT

94TM10

Figure 2-15. Flow Chart for GCOPT2
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.
— GCBRG
NRPRC QSUM PD
RETURN L |
4
f IF JOINED
Y N
N Y
P CONV, N | Y L/RETUBN
P CONV,
coLpP COLJ
i i
COEFF COEFC MATINV

NASA/CR—2003-212362
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Figure 2-16. Flow Chart of GCBRG
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3.0 INPUT DESCRIPTION

The program has been set up to run prespecified input files. The input file must be named
GCYL.INP; however, this is automatically done when GCYL is run from the CFD Executive.
The output will be given the name that was specified on the first line in the input file along with
the file extension ".OUT". To run the program, the command GCYLT is executed.

The input is divided into eight principal groups, as follows:

*  Group 1, Control Parameters

¢ Group 2, Geometry

* Group 3, Film Thickness Specification
e Group 4, Lubricant Properties

* Group 5, Additional User Controls

*  Group 6, Operating Conditions

* Group 7, Hydrostatic Parameters

* Group 8, Flow Rate and End of Input.

Significant geometric nomenclature used in the computer code are shown on Figure 1-3. The seal
surface is divided into a mesh and each nodal point is identified by a unique node number (I, J).
The user may specify the number of nodes in both the axial and circumferential direction, in
which case equally spaced nodal distribution is implied. Alternatively, the user can specify
variable grid spacing, in which case the starting pad distance and subsequent distance to the grid
points are individually identified.

3.1 Input Format

To facilitate generating input, two key principles have been applied. The input is identified by words,
not just pure numbers, and free format of input values obviates formatting. The identifying parameter
is typed in alphanumeric format in Columns 1 to 10. The values of the parameter are placed in
Columns 11 through 80. If more than one line of values is required, they can be continued on the
following line in free format starting in Column 1. The parameters can be inserted in any order,
except for the first title line. Any line that begins with an asterisk in Column 1 is considered as a
comment by the code, and the parameter and associated values are ignored in the computations.
Certain parameters will have default values that the user can accept, in which case an input value
does not have to be entered. If the parameter is entered, the default is overriden.

Group 1 - Control Parameters

The first input is the output Filename (no extension) which is entered in alphanumeric format in
columns 1-80. This name will be used to generate all output files with their various extensions,
as indicated in Table 2-1.

The second input is the title, which is entered in alphanumeric format in columns 1-80. The title
will be printed with the output and will also appear on plots. A title with fewer than 60
characters is recommended.
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PARAMETER IN
COLUMNS 1-10

OPTION

UNIT

STIFFNESS

NASA/CR—2003-212362

DESCRIPTION, VALUES IN COLUMNS 11-80

There are two options. For OPTION =1, the user provides the
shaft or joural position in the form of eccentricity and
eccentricity angle (see Figure 2-3), and the program predicts the
load and load angle. For OPTION =2, the user provides the load,
load angle and initial estimates of eccentricity and eccentricity
angle, and the program will determine the eccentricity and
eccentricity angle. An iterative homing procedure is used for
OPTION =2, and it will take more computer time than OPTION
=]. The default value is OPTION =I.

If the international or metric system of units is desired, enter SI
somewhere in columns 11 through 80. The default units are
English. The units for SI and English are as follows:

Description SI English
Length m in
Diameter m in
Clearance m in
Load N Ib
Gas Const. m¥(s*>-°K)  in%*(s>-°R)
Temperature °’K ‘R
Density kg/m’ Ib/in’
Viscosity N-s/m? Ib-s/in*
Pressure N/m? 1b/in®
Stiffness N/m Ib/in.
Damping N-s/m 1b-s/in.

An asterisk in column 1 is the designation for a comment. Any
input following the asterisk will be treated as a comment and
will not be an input parameter. This feature is useful in
running multiple cases when certain input variables can be
modified or eliminated. For example, if the user desires to
repeat a case without stiffness and damping, an asterisk is
inserted before the input parameters, and when stiffness and
damping are desired, the asterisks are eliminated.

Cross-coupled frequency-dependent stiffnesses are to be
computed. The program provides the option of determining
stiffnesses in two or four degrees of freedom. Two degrees of
freedom include the x and y modes of the center of the journal
while four degrees of freedom include the two orthogonal
angular modes about the mass center (see Figure 2-3). In
columns 11 through 80, enter the number of degrees of freedom
and the excitation frequency in rpm. Generally, synchronous
frequency is used.
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Group 2 - Bearing Geometry

PARAMETER IN
COLUMNS 1-10

NPAD
DIAMETER
LENGTH
CLEARANCE
START

PADANGLE

GRIDN

GRIDM

VGRIDN

VGRIDM

JOINED

SYMMETRIC

SECTOR

NASA/CR—2003-212362

DESCRIPTION, VALUES IN COLUMNS 11-80
The number of pads (always required).

Shaft diameter (always required).

Seal length (always required).

Seal clearance (always required).

Angular location in degrees for the start of the first pad (see
Figure 2-4; always required except for variable grid).

The angle of the pad represented by the grid, in degrees (see
Figure 2-4; always required except for variable grid).

Number of grid points in the circumferential direction.
Maximum number is 74 (always required, except for variable
grid; see Figure 1-3).

Number of grid points in the axial direction. Maximum number
is 30 (always required except for variable grid; see Figure 1-3).

Enter the number of grid points used in the circumferential
direction for variable grid problems. The maximum number is
74 (see Figure 1-3).

Following this entry, enter the angular location of the grid points
in degrees in columns 1-80 using free format. There should be N
entries. If variable grid is used, GRIDN need not be entered.

Enter the number of points in the axial direction for variable
grid problems. There should be M entries. The maximum
number is 30 (see Figure 1-3).

Following this entry, enter the axial location of the grid points
in dimensional units in columns 1-80 using free format. There
should be M entries. If variable grid is used, GRIDM need not
be entered.

To be entered when periodic boundary conditions apply in the
circumferential direction, e.g., a complete circular seal.

To be entered when symmetric boundary conditions apply in
the axial direction. Can be applied to reduce the number of
grid points in the axial direction and thus reduce computer
time, or can be used to increase the effective number of grid
points in the axial direction to increase accuracy. The
restriction that applies to using symmetry is that misalignment
cannot be specified and righting moment will not be calculated.

Number of sectors for a sectored lobe seal (see Figure 3-1).
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Figure 3-1. Sectored Lobe Seal

NASA/CR—2003-212362 42



Group 3 - Film Thickness Specification

PARAMETER IN
COLUMNS 1-10

MISALIGN

STEP

TAPER

PRELOAD

PIVOT

DESCRIPTION, VALUES IN COLUMNS 11-80

Angular misalignment of the shaft in degrees (see Figure 2-3).
The first value is the misalignment about the x-axis. The
second value is the misalignment about the y-axis.

Designates that a Rayleigh Step is being analyzed (see Figure
2-5). The number of steps included in the grid is specified in
columns 11-80.

Following the STEP input line is additional input designating
the location and depth of each step. For each step, the I, J grid
values of the lower left corner and upper right comer are
provided, followed by the step depth. These five values can be
inserted in free format anywhere from columns 1-80. One line
of values for each step is required.

An axial taper is depicted on Figure 2-6. For each taper the
position of the axial node and the slope of the taper is inserted
in columns 11-80.

Pertains to a preloaded pad or sector (see Figure 2-4). The
value entered in columns 11-80 is the pad preload/clearance.

The angular location of the preload from the leading edge of
the pad, in degrees.

Group 4 - Lubricant Properties

PARAMETER IN
COLUMNS 1-10
VISCOSITY
ABSTEMP

SPHEAT

GASCONST

NASA/CR—2003-212362

DESCRIPTION, VALUES IN COLUMNS 11-80

Enter the value of viscosity in units specified in the description
of UNIT (always required).

Enter the absolute temperature in the units specified in the
description of UNIT (always required).

Enter the ratio of the specific heat at constant pressure to the
specific heat at constant volume (always required).

Enter the gas constant in the units specified in the description
of UNIT (always required).
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Group 5 - Parameters for Additional User Control

PARAMETER IN
COLUMNS 1-10

ITERATION

TOLERANCE

FILE

SHORT

DESCRIPTION, VALUES IN COLUMNS 11-80

There are two variables that may be entered. (1) Maximum
number of iterations for convergence of the pressure
distribution. If the number of iterations is exceeded, the
program will terminate with an error message. The default
value is 10. (2) The maximum number of iterations to find the
equilibrium position for OPTION = 2. This variable need only
be entered if Option 2 is applied. The default value is 5. If the
maximum number is exceeded, the program will terminate.

There are two variables that may be entered. (1) The tolerance
on pressure convergence, and (2) the tolerance on the
equilibrium position (to be entered only if Option 2 is applied).
The default values are .01, and .01 respectively.

If it is desired to use the pressure distribution from a previous
run, then FILE should be entered. The pressure distribution
will be read from the file xxxx.HP created from the previous
run. The name of the file will be the same as the name of the
output file. Therefore, if it is desired to change the name of the
input file for subsequent runs, the name of the .HP file should
also be changed. This variable is very useful in situations
where convergence problems are encountered. Low
eccentricities usually converge better than high eccentricities,
so that to attain the high-eccentricity case, it is sometimes
required to read the initial pressure distribution from the low
eccentricity case that has converged. In general, using FILE

will speed convergence because of the closer initial pressure
distribution.

The short form of the output will be printed, which excludes
the clearance and pressure distribution.

Group 6 - Operating Conditions

PARAMETER IN
COLUMNS 1-10

LOAD
LOADANGLE

ECC

NASA/CR—2003-212362

DESCRIPTION, VALUES IN COLUMNS 11-80
Required for OPTION = 2. Enter the load applied to the shaft.

Required for OPTION = 2. Enter the angular location of the
applied load to the shaft in degrees.

Enter the shaft eccentricity ratio, which is the
displacement/clearance. The default value is 0. For OPTION
= 2, this value will be an initial guess.



ECCANGLE

EX

EY

SPEED
PO

PLEFT

PRITE

PTOP

PBOT

PRESSURE

PCON

NASA/CR—2003-212362

Enter the angular location, in degrees, of the shaft eccentricity.
For OPTION = 2, this will be an initial guess. The default
value is 0.

Eccentricity ratio in x direction. EX and EY are alternatives to
ECC and ECCANGLE. They are not used simultaneously.

Eccentricity ratio in y direction. EX and EY are alternatives to
ECC and ECCANGLE. They are not used simultaneously.

Enter the shaft speed in rpm. The default value is 0.

PO is the reference gage pressure to which all other pressures
are divided by in nondimensionalizing the problem. The units
are specified in the description of UNIT. In most cases,
atmospheric pressure is used.

Gage pressure at left grid boundary. Always required except
for periodic boundary conditions (JOINED) applied. Units are
as specified in description of parameter UNIT.

Gage pressure at right grid boundary. Always required except
for periodic boundary conditions (JOINED) applied. Units are
as specified in description of parameter UNIT.

Gage pressure at top circumferential boundary. Not required
when symmetry option is used. Units are as specified in
description of parameter UNIT.

Gage pressure at bottom circumferential boundary. Units are
as specified in description of parameter UNIT.

This parameter is to be used when pressures are to be specified
inside the grid. Enter the number of specified pressures.

Following this entry the locations of the specified pressures and
the values of the pressures are input. For each pressure, the
location is specified by the I, J grid location, followed by the
numerical value of the gage pressure. There is to be a single-
line entry for each specified pressure that contains I, J gage
pressure value. Units of pressure are as specified in description
of parameter UNIT.

Use when constant-pressure regions are specified. In columns
11-80, input the number of regions. On the following lines,
specify the region pressure and the I, J grid points of opposite
corner of region. Use one line for each region. Each line
would have five parameters.
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Group 7 - Hydrostatic Parameters

PARAMETER IN
COLUMNS 1-10

RECESS

SOURCE

SPOTRECESS

DO
CD
PS

DESCRIPTION, VALUES IN COLUMNS 11-80

Designates that hydrostatic recesses are located in the film.
The number of recesses included in the grid is specified in
columns 11-80.

Following the RECESS input line is additional input
designating the location of each recess. For each recess, the I,
J grid values of the lower left comer and upper right corner are
provided. These four values can be inserted in free format

anywhere in columns 1-80. One line of values for each recess
is required.

To be applied when external inherently compensated sources
are to be introduced in the film. Enter the number of sources
in columns 11-80.

Following this entry, the locations of the sources are input. For
each source, the location is specified by the I, J grid location.
There is one single-line entry for each source.

To be applied when external orifice-compensated spot recesses
are to be introduced in the film. Enter the number of spot
recesses in columns 11-80.

Following this entry, the locations of the spot recesses are
input. For each spot recess, the location is specified by the I,

J grid location. There is one single line entry for each spot
recess.

Enter the orifice diameter for sources, recesses or spot recesses.
Orifice flow coefficient. Generally varies from 0.9 to 1.0.

Gage pressure upstream of orifice.

Group 8 - Flow Rate and End of Input

PARAMETER IN
COLUMNS 1-10

FLOW

NASA/CR—2003-212362

DESCRIPTION, VALUES IN COLUMNS 11-80

This parameter is applied when flow across an axial or
circumferential grid line is desired. Enter the number of flow
lines (maximum is 6).

Following the FLOW line entry are the locations of each of the
grid lines across which the flow is to be computed. This is
done by specifying the I, J parameters at the beginning of each
line and at the end of each line. Four values are entered on

46



one line in columns 11-80, for each flow line; thus, there are as
many line entries as there are flow lines.

END The last card of the input file is the END card. No further
input is read. This card is always required.

DIAGNO This parameter is used to turn on "debug write" statements. If
nonzero, "debug writes" will be output to the output file with

extension ".DGS". This input is not required and will default
to "debugs off" in the program.

STABIL Use when critical mass and frequency are to be calculated.

3.2 Plotting Routines

The plotting routine that provides 3-D plots of the clearance and pressure distribution is exercised
by the instruction:

PLOT filename

The menus indicated on Figure 3-2 show up and the ENTER key displays the first plot. A second
ENTER produces the pressure plot. The various options available are indicated on Figure 3-2.
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**READING DATA BLOCK# 1 -FILM
(PAD# 0 OUT OF 1] [DATA BLOCK# 1] FILM
FILE BEING PLOTTED:icylgra4d
(SPACE-BAR) TOGGLES BETWEEN TEXT & GRAPHICS SCREENS
(ENTER) or (N) TO PLOT NEXT SET
(A) to toggle axial titles Now set to:ON
(B) TO SKIP TO NEXT BLOCK
(I) TO CHANGE INPUT FILE
(M) TO CHANGE MODE, NOW SET TO: 6
(O) TO CHANGE PAD PLOT OPTION NOW SET TO: PLOT ENTIRE BEARING
(P,H) TO PRINT TO LASERJET, HPGL
(Q) OR (ESC) TO QUIT PROGRAM
(S) TO SKIP NEXT SET
(T) to toggle titles ON/OFF Now set to:ON
(U) TO toggle what to plot, now set to:H+P
(V) TO CHANGE VIEW PARAMETERS
(Z2) to CHANGE MAX OF VERITCAL SCALE NOW SET TO: .00000

**READING DATA BLOCK# 2 —-PRESSURE
(PAD# 1 OUT -OF 1] [DATA BLOCK# 2] PRESSURE
FILE BEING PLOTTED:icylgr4d
(SPACE-BAR) TOGGLES BETWEEN TEXT & GRAPHICS SCREENS
(ENTER) or (N) TO PLOT NEXT SET
(A) to toggle axial titles Now set to:ON
(B) TO SKIP TO NEXT BLOCK
(I) TO CHANGE INPUT FILE
(M) TO CHANGE MODE, NOW SET TO: 6
(O0) TO CHANGE PAD PLOT OPTION NOW SET TO: PLOT ENTIRE BEARING
(P,H) TO PRINT TO LASERJET, HPGL
(Q) OR (ESC) TO QUIT PROGRAM
(S) TO SKIP NEXT SET
(T) to toggle titles ON/OFF Now set to:ON
(U) TO toggle what to plot, now set to:H+P
(V) TO CHANGE VIEW PARAMETERS
(Z) to CHANGE MAX OF VERITCAL SCALE NOW SET TO: .00000

HIT: to choose:

Defaults [from corner (1,1)]
from corner (1,N)

view along z

view along Theta

HNOQO

94TM10

Figure 3-2. Plot Routine Menus
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4.0 OUTPUT DESCRIPTION

A sample problem that produces extensive output can best illustrate the output from the code.
Shown on the following pages is the output from "Sample Problem 4," which includes all of the
major items that go into the output. The output is produced in a separate file that has the

following format: filename.out. The file can be printed or edited on screen in accordance with
the wishes of the user.

The first page of the output echoes the input. The title is repeated at the beginning of the first
several pages. Following the input, more detailed information concerning the geometry and
lubricant properties is included. Some of this information is again a repeat of input quantities.
The new information provided on Page 4 is the values of the axial distance to all axial grid points
and the value of the angular distance to all circumferential grid points. This information is
produced whether or not the variable grid is implemented.

Since this problem has specified source points in the grid network, a specified source file, as
shown on Page 6, is produced. The axial grid runs across the page and the circumferential grid
runs down the page. At each grid point, an F or T is produced. T stands for TRUE, which
means that a source point is located at that grid location.

Following is information on the number of iterations required to reach convergence on the
pressure distribution. Since stiffness and damping are being calculated and OPTION = 2, it is
necessary to calculate the pressure distribution several times.

On Pages 7 through 11, the clearance distribution is printed. The axial length runs across the page
and the circumferential position proceeds down the page. Six columns of clearance are produced on
each page. Subsequent pages extend the seal length until the total length is expended. Similar files
are produced for the pressure distribution, which begins on Page 12. On the last page of both the
clearance and pressure distribution, minimum and maximum values are provided.

On the last several pages of the output, important summary information is produced, including
eccentricity, eccentricity angle, minimum film thickness, load capacity, load angle, power loss
and leakage at both ends of the seal. Following this information are the complete matrices of
cross-coupled stiffness and damping coefficients with the appropriate units provided. Righting
moments about orthogonal axes through the axial center of the seal are provided next. The

subsequent output provides flows requested through various specified grid lines, followed by a
listing of the cross-coupled stiffness and damping.
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0.0 SAMPLE PROBLEMS

5.1 Rayleigh-Step Seal

The first sample problem is a four-pad Rayleigh-step seal (refer to Figure 5-1). The geometry
and operating conditions are as follows:

Number of pads = 4
OPTION = 1, i.e., the position of the seal will be prespecified
Seal length = 3.852 in.; the symmetry option will be used

Variable grid will be used in the axial and circumferential directions. Since symmetry

has been applied in the axial direction, the variable grid length equals half the actual
length, and is equal to 1.926 in.

Grid will be made finer at the step boundaries where sharp pressure gradients are
expected to occur

Seal diameter = 1.9685 in.

Step height = 0.00165 in. deep, located at the leading edge of the pad, 5° from the x axis;
the lower left corner of the step is 0.655 in. from the inside radius. The end of the step
is 70.6° from the x axis, and since symmetry has been invoked, the axial end of the step
as represented on the grid is 1.926 in. from the inlet end, or at the end of the grid.

Specific heat ratio of the lubricant = 1.4

Gas constant = 250,000 in%(s2-°R)

Absolute temperature = 530°R

Absolute viscosity = 3.0 x 10~ Ib-s/in?
Eccentricity ratio = 0.4

Eccentricity angle = 270°

Shaft speed = 70,000 rpm

Reference pressure = 200 psig

Boundary pressures are all 0 psig, or 200 psia.

The computer input and output for Sample Problem 1 are presented in the following pages.
Figures 5-2 and 5-3 show the clearance distribution and the pressure distribution produced by the
plotting programs. These plots clearly show the highly loaded pad, which is pad number 3
(highest pressure level and lowest film thickness level). In the diskette supplied with this manual,
this sample problem is identified as SAMPLE1A . XXX.
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GCYLT FILM THICKNESS DISTRIBUTION
SAMPLE CASE 1: RAYLEIGH STEP SEAL
DIAMETER = 1.969 IN SPEED = 70000.00 RPM
LENGTH = 3.852 IN
CLEARANCE = 0.001000 IN
N N
% ‘J B _ .305E-02
N r
1 ] i
Y E i
\?’\9 AN i
@ L
355
261
S 180 s
9 cORE
‘%S ANGULAR ©

94TM10

Figure 5-2. Rayleigh-Step Seal Clearance Distribution
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GCYLT PRESSURE DISTRIBUTION
SAMPLE CASE 1: RAYLEIGH STEP SEAL

DIAMETER = 1.969 IN SPEED = 70000.00 RPM
LENGTH = 3.852 IN
CLEARANCE = 0.001000 IN

— +809E+02

94TM10

Figure 5-3. Rayleigh-Step Seal Pressure Distribution

NASA/CR—2003-212362 76




5.2 Sample Problem 2 - Nongrooved Lobe Seal

The nongrooved lobe seal is characterized by offset lobes that are joined at their appexes in a
continuous fashion as opposed to a lobe seal where the lobes are separated by axial grooves.
Such a seal is depicted on Figure 5-4; it would be manufactured by a broaching process. To
analyze this type of seal with the GCYLT code, the key word SECTOR must be invoked,
followed by the number of sectors, and the lobe preload and preload position within the lobe (see
Figure 2-6 for definition of preload). For this example, a lobe hydrodynamic geometry was
combined with external pressurization through source points at the mid-plane of the seal. The
geometry and operating conditions are as follows:

e Seal Diameter = 2.25 in.
e Seal Length = 1.625 in.
* Seal reference clearance (the clearance prior to preload) = 0.0005 in.

* Number of pads = 1. A sectored seal is always considered as a continuous seal although
discontinuities exist in the clearance distribution. Thus, the number of pads is always
unity and the JOINED option is always applied.

* Preload on each lobe is 0.5, which means at the pivot position the lobe is eccentric toward
the shaft by a distance of one-half of the reference clearance (see Figure 2-6)

» Pivot angle of the first sector is 150° from the x axis, and since the first lobe is 90° from
the x axis, the pivot position is located at the mid-angle of each lobe

 Viscosity of the gas = 3 x 10”° Ib-s/in>.

e QGas constant = 2.5 x 10° in%(s*>-°R)

* Ambient temperature = 510°R

* Total number of orifices = 27, 9 in each sector, located at the mid-plane of each sector;
1 orifice is located at each interior grid point at the mid-plane of the bearing

* Orifice diameter = 0.015 in.

* Coefficient of discharge of each orifice = 0.9

e Supply pressure to the source orifices = 120 psig
* Operating speed = 70,000 rpm

* Reference pressure = 14.7 psig

* Pressure along the boundaries = 0 psig.

The input and output for this case is shown on the following pages. The case is identified as
SAMPLE2D on the sample problem diskette provided to NASA. Notice that the input
incorporates the FILE parameter, which means that a previous pressure distribution was read as
the initial pressure distribution for this case. Convergence of the pressure is often difficult when
solving source problems, whether they be inherently compensated sources or spot recesses.
Convergence difficulties occur because pressure spikes occur at source locations and pressure
gradients become very large. There are two methods for handling these problems which can be
applied independently or jointly. The first is to use variable-grid and fine-grid spacing around
the orifice holes. Each grid line around the hole should be at a distance of one to two orifice
diameters in both the axial and circumferential direction. The other mechanism is to start the

NASA/CR—2003-212362 77



problem at low eccentricity and use the pressure distribution as an initial guess to get to the next
eccentricity. Continue the process until the desired eccentricity is attained. To use a prior
pressure distribution as a starting point, copy the file with the extension .HP to the name of the
file being evaluated. For example, if the pressure from FILE1 are to be used as an initial
distribution for FILE2, then prior to running FILE2, copy FILE1.HP to FILE2.HP and then run
GCYLT FILE2. For this particular problem, variable grid was not used but the FILE option was
employed through a range of eccentricity ratios of 0,.1,.2,.3,.4,.5. For OS/2 operation, a .CMD
file can be set up to automatically accomplish the eccentricity increases.

Following the input is the output from the problem and the clearance and pressure plots shown
on Figures 5-5 and 5-6. Notice the discontinuities in the clearance distribution because of the

lobed geometry. The proximity of the source points to each other makes the pressure distribution
appear as a line source.

vi

86260

Figure 5-4. Sectored Lobe Seal
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Page

Filename: SAMPLE2D.OUT
SAMPLE CASE 2

14:00
MTI

07/08/1994

5

Page

Filename: SAMPLE2D.OUT
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GCYLT FILM THICKNESS DISTRIBUTION
SAMPLE CASE 2:  SECTORED SEAL

DIAMETER = 2.250 IN SPEED = 70000.00 RPM
LENGTH = 1.625 IN
CLEARANCE = (0.000500 IN

— -375E-03

150

*Q0

94TM10

Figure 5-5. Clearance Distribution, Sectored Lobe Seal
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GCYLT ' PRESSURE DISTRIBUTION
SAMPLE CASE 2:  SECTORED SEAL

DIAMETER = 2.250 IN SPEED = 70000.00 RPM
LENGTH = 1.625 IN
CLEARANCE = 0.000500 IN

— .120E+03

""""""

AARRTOX
OO
TN
GO
Set gt
STAREAT] L
Y il

St

180 . ¢
Q90 NGULAR OF

94TM10

Figure 5-6. Pressure Distribution, Sectored Lobe Seal
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5.3 Sample Problem 3 - Three-Lobe Seal

This problem deals with the hydrodynamic portion of a 3-lobe seal where the lobes are separated
by axial grooves. Figure 5-7 shows the general geometry and key parameters. The principal
parameters are the preload and pivot angle. The following are geometry and operating

conditions:
* OPTION =2, i.e., the position of the seal to satisfy a given load will be determined
* International units apply; parameter SI invoked

* Stiffness and damping to be calculated in two degrees of freedom, x and y, at an imposed
frequency equal to running speed of 50,000 rpm

* Number of pads = 3
» Start of the first pad is at 100°; the pad extent is 100°

* Pad preload is 50% of the reference clearance, and the preload for the first pad occurs
150° from the x-axis, which means the preload is in the center of the pad

* Shaft diameter = 0.0508 m

* Hydrodynamic length = 0.0254 m

¢ Reference clearance = 1.27 x 10° m

e Lubricant viscosity = 2.07 x 10” N-s/m?

* Absolute temperature = 283°K

* Ratio of specific heat of the gas = 1.4

* Gas constant = 290.32 m?*(s*-°R)

* Symmetry is applied in the axial direction

* Load to be supported = 200.16 N

* Angle at which the load is applied is 270° from the x-axis
* Initial eccentricity guess is 0.2; initial displacement angle guess is 270° from the x-axis
* Shaft speed = 50,000 rpm

 Reference pressure = 8.274 x 10° Pa.

* Boundary pressures are all 0 gage.

Following are the input and output and the graphical representation of the clearance distribution
and pressure distribution, as shown on Figures 5-8 and 5-9 respectively. Figure 5-10 shows the
pressure distribution viewing along an axial direction. The negative pressures are induced by
divergent clearance regions. The final eccentricity ratio to balance the applied load was 0.22, and
the eccentricity angle was 129.42° The last part of the output indicates the cross-coupled

stiffness and damping coefficients. This problem is identified as SAMPLE3.xxx on the diskette
submitted to NASA.
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Thetas

Thetap = 654

861601

Keyword Variable Description
START THETAS Pad Start Angle
PADANGLE THETAP Pad Angle
PIVOT PVT Pivot Angle
PRELOAD EPR Offset/Clearance

Figure 5-7. Three-Lobe Seal
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FILM THICKNESS DISTRIBUTION

GCYLT

3-LOBE GAS SEAL

0.051 M

SAMPLE CRSE 3:

50000.00 RPM

SPEED

DIAMETER

= 0.025 M
= 0.000013 M

LENGTH
CLEARANCE

-114E-O4

94TM10

Figure 5-8. Clearance Distribution, Three-Lobe Seal
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GCYLT PRESSURE DISTRIBUTION
SAMPLE CASE 3:  3-LOBE GAS SEAL

DIAMETER = 0.051 M SPEED = 50000.00 RPM
LENGTH = 0.025 M
CLEARANCE = 0.000013 M
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Figure 5-9. Pressure Distribution, Three-Lobe Seal
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GoILT PRESSURE DISTRIBUTION
SAMPLE CRSE 3: 3-LOBE GRS SEAL
DIAMETER = 0.051 M SPEED = 50000.00 RPM
LENGTH = 0.025 M
CLERRANCE = 0.000013 M
i
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Figure 5-10. Pressure Distribution, Viewing in Axial Direction
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5.4 Sample Problem 4 - T-Shaped Sectored Seal

This problem deals with an actual helium buffered seal analysis and design (for SSME) that was
accomplished for NASA. A design that incorporates a self-adjusting clearance that can
accommodate thermal and centrifugal distortions and shaft dynamic excursions avoids many of
the problems associated with captured clearance designs. The sectored ring seal provides the
desired self-adjusting clearance features. The general configuration of the sectored seal is shown
on Figure 5-11. The sectors consist of T-shaped sections mated to each other at each end with
sealed joints. The sectors can move relative to each other circumferentially and that is how the
seal accommodates variations in the sleeve dimensions due to thermal expansions and
contractions and centrifugal growths. The T-shaped sector was chosen because it is a
symmetrical shape, and the various fluid and friction forces can be designed to avoid upsetting
moments on the individual sectors. An overlapping V joint prevents a direct clearance path
between the hydrogen and oxygen ends of the seal. Each sector is supported by a hydrostatic
fluid-film on its inner circumference and along the side walls which forms a friction-free
secondary seal to permit free radial motion of the sectors in response to sleeve movements. The
fluid films are predominantly hydrostatic to avoid any pitching tendencies introduced by the
hydrodynamic effects. The hydrostatic bearings are fed by the buffer pressur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>